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Motivation |: Recent pump-probe experiments

delay time
polarize“r\ sample  polarizer SC gap! :

Matsunaga, 1 1" 10 meV

Shimano, et al. PRL

111, 057002 (2013) 3 1 terahertz"
2 4.1 meV"
£ 1 ps-!
£ 33 cm-t

» THz-pump THz-probe spectroscopy:

- THz-pump pulse: Excite with intense femto-second pulse, induce dynamics!
- THz-probe pulse: After delay time §t, measure with second, less intense pulse!

p Optical conductivity / transmitivity as a function of w and dt gives information about:

¢ Dynamics of SC condensate, order parameter oscillations

¢ Cooper pair recombination / recovery dynamics

¢ Coherent phonon oscillations



Motivation |: Recent pump-probe experiments

Matsunaga, Shimano, et al. PRL 109, 187002 (2012);PRL 111, 057002 (2013)

» THz-pump THz-probe spectroscopy on NbN PIms |2! | I 3 meV
S T T 087
- pump-pulse duration: 90 fs (@) #oumgfea=0.57
=== [10N-adiabatic excitation of SC: ] i 0.6F -

Tp K< TA ™ h/(2|Al)

- Measure change in transmission!
of probe beld HE

p Observation:

OE oneltgate=1p) (arb. units)

0
sl
- algebraically damped oscillations ! ,L© _
in 0E as a function of delay time 0t i )
T R
- frequency changes with laser intensity ° s 10
top (PS) Pump Energy (nJ/cm?)

Interpretation

=== Oorder parameter amplitude oscillations



Motivation |I: How does a quantum system relax?

? How does a quantum system thermalize?

As t — o0, generic observables O become time independent

p True relaxation vs. decoherence:

-- Decoherence: Only averaged observables become time-independent!

I .
. & non-interacting systems, integrable systems only show decoherence

-- True relaxation: Generic local (unaveraged) observables become time-independent

O = lim (U(¢)|O|¥(t)) time independent

{—00

¢ (i) systems coupled to bath, (ii) closed systems with certain interactions!
(inPnite closed systems; otherwise recurrence)

» Open guestions:
- Which type of interactions lead to thermalization?!
- Which observables @ to consider?!

- How to describe thermalized sate?! ~ X
(is there a density matrix (ensemble) O such that: O = Tr[O p] ?)



SC coupled to laser beld and optical phonons

Goal: simulate non-adiabatic dynamics of superconductor coupled to !
() pump laser beld and (ii) optical phonons

P Microscopic model:

H = Z ekck Cks T Z (AkaT Cx T¢ c)

ks
eh e 4
- E (k Aq) k+4s Ck——s T % Z(Aq—k ' ACI)CkSCkS
kqs kqs
1
- - -
+ ) hwg; (bquqj + 5) + ) (gpkjs(bﬁpj + bp;j)Cle 1 p.sCks + c.c.)
qaj pjks

with gap equation: Ak = Z Vi (c—x/ | Cck1)
Kk’ & t . ;
P Gaussian pump and probe pulse: Aq(t) = Age /7) 0,006 O + 0g _g €" "0

pump pulse: n probe pulse: ﬂ ” ﬂ
1! 2| "\/J /\/\" ol 2] ] "Wf JV\’“‘




Theoretical methods to compute non-equilibirum dynamics in SCs

Goal: simulate non-adiabatic dynamics of superconductor coupled to optical phonons

considered hierarchies of time-scales:

P time-dependent Ginzburg Landau theory, mu*-, and T*- models:!
- dquasi-equilibrium is assumed at all times!
- time evolution of a single collective order parameter!
- only valid for: 7o > 7. (i.e., close to Tc, very dirty SCs)

P> Boltzmann kinetic equation:!
- requires adiabaticity on all time-scales!

- does not capture coherent evolution of quasi-particle distributions!

- only valid for: !p o, !ph

P Phenomenological Rothwarf-Taylor models: !
- rate equations for quasi-particle and phonon occupations !

-onlyvalidfor: 'p! I, o

— 1 instead use density matrix formalism (expansionin ! gpnt/! )

d i
0= [H O]



Density matrix formalism: Equations of motion

Superconducting state: Bogoliubov transformation
" — " — *
kK = UkGo + VG M = UkC_p — Vil

! ™ YW /7Y W VAV & W /7Y
11

— n T 2 n n 2
= Wk,k! UV 1# | k!! K! # K' k! + Uk!! e # Vi | K' k!
K

All quantities of interest can be expressed in terms of these dynamical variables
% & % & % & % &

" "
o O BAE O, e O e O hy (1), by (1)

P> Current density:

AN $ # 8 2y WS 38
j(dw) ' —— K oparrg " BB tK-O5— Wi g T kot gff
( ) mvk -kt q k+ g~k 2m(E,%) kM k+ g kt qMk
oo .
P Lattice displacement:  U(r,t) = Dy(t)e* P2,

2Ma)phV
with the coherent phonon amplitude: 1B p(t) = Ip&+ I, (&

Density-matrix theory: %O = ll— [H, O]

! yields equations of motions for the above expectation values



Density matrix formalism: Equations of motion

Density-matrix theory: %O = II— [H, O]

I yields equations of motions for
% & % & % & % & I " "
e (O, AAH M), e (O, "WHe (D) bp (t), bp (t)

For example
. d ! i H N
I & | k"k+q = | (Rk + Rk+q) "ak"k+q#+ Ck+q k- k+q#+ Ck ""k+q"k#I #qO
e By s ,
+ % 2k aAq'(t) I Lk,q! I k+q! k+q#+ Lk+q," q! I k k+q" qg#
q!ziqo # $|
| Ml:+q," gk kg g M, - keq keq# ! Hog +aaa

Up to order (A 4)" , laser beld only couples (k, k') to(k, k' + nq)

! leads to an effectively one-dimensional system of equations

! Interaction with laser beld can be computed essentially exactly.
[Papenkort, Kuhn, Axt, PRB 08]



Response of superconductor (w/o phonons)

» Two regimes:
r Adiabatic behavior for! !y 1 Iy
- Non-adiabatic behavior for  !p !

P Algebraically damped order parameter oscillations !

after shortpump pulse (!p ! !1 )
2| A P
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Algebraically damped oscillations due to decoherence

p Algebraically damped oscillations!
In averaged quantities due to decoherence

I = Wy G k#Ct ks
K1 W
—eh

jqo — IV ;(21@ + QO)<Ck,0'Ck+ q0,0'>

P But no true relaxation!

Quasiparticle occupations

A(t)| (meV)
O = PR

Quasiparticle occupations !! I,

Order parameter oscillations
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Gap oscillations: Comparison with experiment

p Qualitative agreement between theory and experiment

Numerical simulations: THz-pump THz-probe spectroscopy NbN:
=060 fs
2|A | o T T 1 0.8~
COS =1+ 8) 7,umo/77=0.57
Al = A+ T ) @
\/E

1.4

g

OE one(lgate=1p) (arb. units)

A, (meV)

3) 10
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0 200 400 600 8001000 top (PS) Pump Energy (nJ/cm?)
Aorp (arb. units)

APS. Manske, Avella, PRB 84, 214513 (2011)

Matsunaga, Shimano, et al.
PRL 111, 057002 (2013)



Response of superconductor (w/o phonons)

p» Pump-probe conductivity shows signatures of non-adiabatic dynamics
o(0t,w) =] (W) iwA(w)]

I oscillations in pump-probe response as a function of delay time 1t

Numerical simulation: THz-pump THz-probe spectroscopy NbN:
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Superconductor coupled to optical phonons

» Linear coupling to optical phonons: e
I'lel-ph = Oph (h p + bp)Ck+ p,! Ci .1 + C.C. Phonon
p.k,! O
d i //z TG

- perform expansion in Ypp USINg aQ = - [H, O]

I inPnite hierarchy of equations of motion

P Study generation of coherent phonons:

- Break hierarchy at brst order: Il ", bp #LL " bp
- Non-vanishing ! ," leads to ! . noo ! Dyt i
i ice di . rt) = t)e ',
Pnite lattice displacement: (r,0) 2MwyV p(?)
with Dp = (b , + b,) forced harmonic oscillator

- Equation of motion for coherent phonon amplitude: [ 5 /(gh] Dy(1) = Fp(t)
dt ’

with forcing term:
2| ph | H P H P 70

Fo) = 15 gn M " BT A L T R R
! k




Equation of motion for coherent phonon amplitude

- Equation of motion for coherent phonon amplitude:

forced harmonic oscillator

| ! " v

2 4
2 + nn non s s
[_ T O/‘fz)h]Dp(f) = Fp(r), Fa®=1!50n Mg, "iphcdl" " e  # + ad

k+p

step-function

' Forcing term can be approximated by Y p(t) ( Ap%l(t)

| t)( 2epp- t
Dp(t) ( IOh[ cos(’ pnt)] . U

p Displacive excitation of coherent phonons: ! '*‘W““ :
(similar to semiconductors) "
! t=nT CI)S

- abrupt change in quasiparticle states leads!

A
, 1o Jump in equilibrium position of lattice! o ,,,ﬁlm,“ ;
r cosine oscillations in lattice displacement! (:)

- extrema at integer and half-integer values of ! ph —— >
Q() Q'()Q”l)




Generation of coherent phonons: Numerical results

p n

| Dp(t) ( —2[1" cos( pt)]
ph

» Numerical results for displacive excitation of coherent phonons:

Hierarchy of time scales:

pt 1OOC[ | | | " - 1,=0.05 ps,/w,, ='0.05 me
800 - Tp — 005 pS,ﬁ(Uph — 010 me

' 30 7,=2.00 ps,/ap, = 0.05 me

600+ 0 Tp = 2.00 ps, /@y, = 0.10 mey
1 400 7, = 10.0 ps,Zwyn = 0.05 meY

7, = 10.0 ps, @y, = 0.10 meV
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- cosine oscillations in lattice displacement! U(Ro, t)

- extrema at integer and half-integer values of | ph
APS, Manske, Avella, PRB 84, 214513 (2011)



t],

J i [COS(wpn)S2(twg) + SINEwph) C2(twq)],

d_

forcing term can be approximated by Fy(t) ( %(t)[Ap + Bpcos(2! ¢ t/3)/

quantum beating when !
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Generation of coherent phonons: Pump-probe conductivity

Hierarchy of time scales:

P Signatures of non-adiabatic dynamics in pump-probe conductivity
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Generation of coherent phonons: Resonance

Hierarchy of time scales:

resonant generation of coherent phonons for 'pn =11, (=21, /1)

B 1" B | B

I Dp(t) ! I—p tsin(! put) + 4a

Lattice displacement: Pump-probe conductivity:
40 | w w Re($) [arb. units]
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: resonantly enhanced oscillations in pump-probe conductivity !

as a function of delay time ! t arXiv:1309.7318 (2013)



Conclusions & Outlook

» Microscopic simulation of ultrafast dynamics in superconductors !

P Non-adiabatic regime 'p ! 11 ,fph : e
' _—— > 13}
- order parameter oscillations! £1.275]
. . . . — 1.25+
| I gualitative agreement with experiment! 1225}
' . L2546 § 1012 14
, - generation of coherent phonos! t[ps]

-for 11, =21, : resonant enhancement of !
coherent phonons

P Pump-probe conductivity:!

U(O0,t) [arb. units]
o

1
H
T T T

- oscillations in ! ("1, #) as a function of delay time! 68 _ 16

| with frequencies !y, =2!, /! and! ph Re(§) [arb. units]
21 (a) .‘\ e &

- strong enhancement of oscillation amplitude!
when frequencies are in resonance: ! | = ! ph 1|

Al ll'm;,‘
i u'l‘"ﬂ\‘\.\\ |

» Outlook:! =
- consider higher order in correlation expansion:!
incoherent phonons, feedback on SC condensate Alps] 1t T

PRB 84, 214513 (2011); EPL 101, 17002 (2012); arXiv:1309.7318 (2013)



